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I. INTRODUCTION
In recent years, coded modulation schemes that offer nonuniform error protection have received considerable attention. Application examples of these schemes are broadcast of digital high-definition television sig-
nals [1][2], and transmission of coded speech and image [3][4][5][6].
In the former application, good receiver quality is required for the important data under bad channel conditions (e.g., distant receivers), while in the latter some of the source information bits are more sensitive to errors than the other bits. A code that offers different levels of error protection is called an unequal error protection (UEP) code. Linear UEP codes, or LUEP codes, were introduced by Masnik and Wolf [7] .
In this work, we use binary LUEP block codes in conjunction with QPSK signal constellations, to obtain new efficient block modulation codes for unequal error protection. The purpose is to obtain code sequences associated with the most important message bits separated by a distance greater than the minimum distance of the modulation code. By distance we mean (1) squared Euclidean distance (SED) when transmission is over an AWGN channel, or ( 2 ) symbol and product distances for transmission over a Rayleigh fading channel. We show that as a result of accomplishing the above Because a Gray mapped QPSK signal set is used, maximizing the minimum Hamming distance of the underlying binary LUEP code maximizes both the MSED for an AWGN channel and the minimum symbol and product distances for a Rayleigh fading channel. For two binary vectors U = (210, u1, -e , u,-1) and 0 = (vo,v1, * -, vn-l), define the concatenation operation
Then the following code, based on C1 and C2, 
LUEP QPSK MODULATION CODES
In a (unit energy) QPSK signal constellation with Gray mapping between 2-bit labels and signal points, as illustrated in Figure 1 , the squared Euclidean distance (SED) between signal points is proportional to the Hamming distance between the corresponding labels. For example, in Figure 1 , the Hamming distance between the label (00) of signal point "0" and the label (01) of signal point "1" is equal to 1, while the SED between these signal points is 2. All adjacent signal points have labels separated by a Hamming distance of 1 and are separated by an SED of 2, while opposite signal points (e.g., "0" and "2") have labels separated by a Hamming distance of 2 and are at an SED of 4 from each other. This QPSK signal constellation is said to form a second-order Hamming space (111. By mapping 2-bit symbols onto signal points in a QPSK signal set, via Gray mapping, we may combine (2n, kl + Ic2) binary 2-level LUEP codes with QPSK modulation to construct a block coded modulation system with two levels of error protection as follows:
Let Ct, be a (2n, kl + k2) binary LUEP code with separation vector s = (~1 , s~) for the message space {O,l}&l x {O,l}ka.
Let S denote the QPSK signal set depicted in Figure 1 where, for i = 1,2,
We note that, as in the case of conventional uniform error protection coded modulation systems, the above asymptotic coding gains can only be reached with maximum-likelihood soft-decision decoding.
In Table 1 we list some block QPSK modulation codes with two levels of error protection. Some of the This LUEP QPSK block modulation code compares well with a uniform error protection trellis modulation (TCM) code based on a binary convolutional code of the same rate and number of trellis diagram states: A rate 1/2 TCM code with constraint length 2 (4-state trellis diagram) and Gray mapped QPSK, achieves an asymptotic coding gain of 3.97 dB over uncoded BPSK. Code M(Cb) also compares favorably with a time-sharing coding scheme that uses two separate binary linear block codes t o provide the same levels of error protection: To provide an asymptotic coding gain of 6 dB for 1 bit and of 3 dB for 7 bits, an (8,1,8) repetition code (or 4 QPSK signal transmissions) and a (12,7,4) linear code (or 6 QPSK signal transmissions) may be used. This results in a (20,8) binary LUEP code with the same separation vector and message space that requires 4 more redundant bits (or 2 more QPSK signal transmissions).
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The above example can be generalized as follows: Let Cl be a binary (n, 1, n) repetition code and C, be a binary (n, n -1,2) panty check code. Applying the construction method outlined in section I1
we obtain a (2n,n) binary two-level LUEP code As can be seen from these graphs, the construction improves from length n = 8 to n = 16, but then deteriorates at length n = 32. This is because of a larger number of nearest neighbors, or error coeficient, for the most important message part: The error coefficient (also called path multiplicity) for codewords associated with the most important message part (MSB) is NI = 2n-1, while the error coefficient for codewords associated with the least important message part (LSB) is N2 = (y). As a result, the expected coding gain for the most important message bits will be reduced considerably as the length n increases. For short lengths (5 5 n 5 10) however, these codes are optimal block QPSK modulation codes, as pointed out before. which states that the coding loss at a bit error probability of over an AWGN channel is 0.210g2(Nc/Nu), where N , is the error coefficient of the modulation code and Nu is the error coefficient of the uncoded system, which in this case is BPSK, with Nu = 1. As an example, for n = 32, the asymptotic coding gain vector is G = (12.04,3.01) , while the error coefficients are Nl = 231 and N 2 = 496. The coding loss due to these error coefficients is 6.2 dB for the MSB and 1.79 dB for the LSB, which accounts for the computer simulation results shown in Figure 3 . Also note that because 
IV. CONCLUSIONS
We presented block QPSK modulation codes with two levels of error protection. We used Gray labeling of QPSK signals to map binary (2n,k) LUEP codes, with separation vector B = (81, sz), onto twolevel LUEP QPSK block modulation codes of length n, rate k / 2 n (bitsldimension) and squared Euclidean separation S~E D = (2~1,262). These codes have two values of minimum squared Euclidean distance, or minimum symbol and product distances, between code sequences of QPSK signals. For short lengths, the resulting two-level LUEP QPSK block modulation codes for the AWGN channel are optimal in the sense of having the same parameters as the best block QPSK modulation codes [13] . Simulation results show that these codes achieve good error performance on a Rayleigh fading channel, while at the same time have an extremely simple trellis structure and thus low decoding complexity. We expect these codes to be used in a p plications where an embedded QPSK signal set is used, and a simple yet efficient block coded modulation system with two values of error protection is desired. ' .
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